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Abstract: With the help of a recently suggested computational scheme [J. Chem. Phys. 2007,
127, 084101], Mo¨ssbauer isomer shifts are calculated within the context of density functional
theory, for a series of iron containing compounds. The influence of the choice of a density
functional and of the truncation of a basis set on the results of calculations is analyzed. It has
been observed that the hybrid density functionals, especially BH&HLYP, provide better correlation
with experimental results than pure density functionals. The analysis of basis set truncation
reveals that the addition (or removal) of the tightmost primitive functions to a large uncontracted
basis set has only a minor influence on the calculated isomer shift values. It is observed that,
with the use of a small contracted basis set, a reasonable accuracy for the calculated isomer
shifts can be achieved.
I. Introduction
Mo¨ssbauer spectroscopy1 is a powerful analytic tool which
enables one to obtain valuable information about the
geometric and electronic structure of chemical compounds.2-7
The method is based on the Mo¨ssbauer effect1 which is the
recoil emission/absorption of ç radiation from a solid
sample.2-4 The most well-known application of Mo¨ssbauer
spectroscopy is for the determination of 57Fe in metal
complexes. However, there exist more than 40 other elements
in the periodic table which possess ç-active isotopes and for
which the Mo¨ssbauer spectra can be obtained.2-5 Due to the
high sensitivity of the method and its independence on the
perfect crystalline structure of the samples, Mo¨ssbauer
spectroscopy finds an ever increasing number of applications
which range from biological chemistry6 and nanotechnology7
to materials science.4
One of the most important characteristics of the Mo¨ssbauer
spectrum is the so-called Mo¨ssbauer isomer shift (MIS).8 MIS
is the measure of the energy difference between the ç-transi-
tions in the source (Es) and the absorber (Ea) nuclei.
Commonly MIS, ä in eq 1, is measured in terms of the
Doppler velocity necessary to achieve resonance absorption
of ç-radiation.
Within the standard approach to the Mo¨ssbauer effect,2,3,10-16
the MIS is connected to the electron density at the nucleus
via eq 2
where Eç is the energy of the nuclear ç-transition, c is the
velocity of light, Z and R are the nuclear charge and radius,





the average electronic densities inside the absorber and the
source nucleus, respectively.
According to eq 2, it is the variation of nuclear volume
during Mo¨ssbauer ç-transition that is responsible for the
occurrence of MIS.2,3,9 This equation is most straightfor-
wardly derived within the nonrelativistic formalism. Within
this formalism, the electron density remains finite in the
vicinity of a point-charge nucleus. With the use of relativistic
formalism, the density is divergent at the nuclear position.
It is therefore necessary to carry out averaging of the electron
density within a sphere of finite radius, which represents
nuclear volume.3,17 The use of the density at the nuclear
position, obtained in relativistic calculations with point-* Corresponding author e-mail: m.filatov@rug.nl.
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charge nucleus, may lead to large errors which manifest in
unrealistic contact densities. However, in finite basis set
calculations, such errors are difficult to detect especially if
the basis set does not contain sufficiently tight basis
functions.18
Most commonly, the contact density obtained in nonrela-
tivistic calculations is corrected for relativistic effects with
the use of a scaling factor S(Z) in eq 2.2,3,9-11 The contact
density can be straightforwardly obtained with the use of a
method based on the variational principle, such as the self-
consistent field method, the variational configuration interac-
tion, or the Kohn-Sham method. However, with the use of
methods based on the perturbation theory, the so-called
relaxed density matrix needs to be calculated,19 which
presently is not routinely available for multireference many-
body perturbation theory methods.
It is a common practice within the standard approach to
the calculation of MIS to treat the factor in front of the
density difference in eq 2 as an empirical parameter, the value
of which is determined from the fit of the theoretically
calculated densities versus the experimentally observed
isomer shifts.12-16 The so-obtained parameters of nuclear
transitions may differ by a factor of 2 from the experimen-
tally obtained values.3
Recently, a new approach20 to the calculation of MIS was
suggested. Within this approach, the energy shift of the
nuclear ç-transition is expressed in terms of the derivative
of the electronic energy with respect to the radius of a finite
nucleus. This approach incorporates inherently the effects
of relativity and electron correlation. According to the new





are the electronic energies of systems
containing the absorber and the source nuclei. In the
calculations with eq 3,20 the experimental values of the
parameters of nuclear transitions, ¢R and Eç, were employed
which were taken from the compilation in ref 3, and the
experimental values of the nuclear radii R were taken from
ref 21.
The new method for the calculation of Mo¨ssbauer isomer
shifts (MIS) has been initially tested in the calculations which
employed large uncontracted basis sets and a series of wave
function methods ranging from the HF method to the CCSD-
(T) method.20 The calculations have been carried out for a
number of atoms and a series of iron clusters. The major
idea underlying these benchmark calculations was to dem-
onstrate the applicability of the new approach to the
calculation of MIS and to demonstrate that the use of
empirically adjusted parameters can be avoided with the use
of the new method.20
However, several questions remained open in the initial
study. In particular, the dependence of the results on the basis
set truncation was not addressed. Furthermore, the use of
the advanced wave function methods may be prohibitively
costly for calculations on large biological systems or on
cluster models of solids. The methods based on density
functional theory are more preferable in this respect.
Therefore, in the present work, we would like to address
two issues: i) sensitivity of the results to the choice of the
basis set and ii) utility of density functional methods for the
calculation of MIS within the new approach.
II. Computational Details
All calculations were carried out using the COLOGNE
200522 suite of programs in which the new computational
scheme is implemented. The relativistic calculations were
carried out within one-electron approximation23 and using
the normalized elimination of the small component (NESC)24
method which was implemented according to ref 25. The
nonrelativistic calculations were carried out within the same
formalism by setting a high value (108 au) for the velocity
of light.
The Density Functional Theory methods used here are
PBE26 (gradient-corrected correlation functional of Perdew,
Burke, and Ernzerhof), BPW91 (Becke 88 exchange27 and
Perdew-Wang 91 correlation functionals28), BLYP (Becke
88 exchange and LYP29 correlation functional), B3LYP30
(Becke Three Parameter Hybrid Functionals with LYP
correlation functional), and BH&HLYP (B stands for Becke
treatment of the exchange functional, H&H means half
Hartree-Fock exchange and half Slater exchange,31 the
correlation part being the LYP functional). The basis sets
employed will be specified in the following section.
Throughout this work the Gaussian nucleus model21,32 is
used in the calculations. The derivatives in eq 3, (ä
Ee
a(RN))/(äRN), are calculated numerically using the incre-
ment of 10-6 au for the rms nuclear radius. The use of
numeric differentiation helps to avoid the difficulties with
obtaining the energy derivatives within the computational
schemes for which the Hellmann-Feynman theorem is not
satisfied.
When calculating the isomer shifts, the effective electron
density inside the nucleus was first calculated using eq 4.20
Then the isomer shifts were calculated from eq 5, where
the proportionality constant (a ) -0.1573a03 mm s-1) is
determined from the experimental parameters of the 57Fe
nuclear transitions reported in ref 3.
Note that this value differs by a factor of more than 2
from the proportionality constants calibrated by an empirical
fit of the calculated electron densities versus the observed
isomer shifts (see, e.g., refs 12-16).
III. Results and Discussion
In the present work, the MIS calculations are carried out for
the following series of iron clusters: [Fe(H2O)6]2+, [FeCl4]2-,
[Fe(H2O)6]3+, [FeF6]3-, [FeI4]1-, [FeBr4]-1, [FeCl4]-1,
[Fe(CN)6]3-, [Fe(CO)5], [Fe(CO)4]2-, [Fe(CN)5NO]2-, and
[FeO4]2-. The geometries were taken from the compilation
in refs 2 and 12 and from ref 33 (Fe(CO)5). The MIS values
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for these compounds range from a large positive value of
+1.48 mm/s for [Fe(H2O)6]2+ to -0.69 mm/s for [FeO4]2-.
The sources of experimental values for each of these clusters
are reported in Table 1.
First we would like to address the question of the basis
set dependence of the MIS calculated according to eqs 3-5.
A. Influence of Basis Sets on Isomer Shift Values. In
the preliminary study, reported in ref 20, the large uncon-
tracted basis sets for iron complexes were employed. These
basis sets were constructed by augmenting the standard
(20s12p9d) Fe basis set of Partridge34 with four tight
primitive s-type Gaussian functions and with a set of
polarization functions taken from the TZVpp basis set of
Ahlrichs and May.35 The so-obtained (24s15p9d3f) basis set
for iron was combined with the uncontracted aug-cc-pVDZ
basis set of Dunning36 on other atoms with the only exception
of iodine for which the 6-311G* basis set37 was used.
In the present work, we carry out calculations with this
basis set (denoted further on as basis set A+) for a truncated
set of compounds (see Tables 1 and 2) to make a connection
to the previous work with this method.20 In the calculations
carried out at the Hartree-Fock and PBE density functional
levels of theory, we study the effect of truncation of the tight
primitive basis functions on the theoretical MISs. The results
of the calculations are reported in Tables 1 (Hartree-Fock)
and 2 (PBE density functional).
Analysis of the HF results suggests that the MIS calculated
with eqs 3-5 are not very sensitive to the truncation of tight
primitive basis functions. In most cases, there is only a
modest variation (ca. 10%) in the MIS obtained at the
relativistic level of theory. The only marked exception is
the iron bromide cluster (see entry 6 in the tables), for which
the use of truncated basis sets leads to a certain deterioration
of the results obtained with the inclusion of relativity. The
nonrelativistic HF results obtained with eqs 3-5 do not show
any noticeable dependence on the truncation of the basis set.
The same trends, a weak dependence of the relativistic
results and an independence of the nonrelativistic results on
the basis set truncation, is observed in the density functional
calculations (see Table 2). In most cases, the variation in
the calculated MIS is of the order of 10% or less. The use
of a basis set augmented with tight s-type primitives led, in
the case of relativistic density functional calculations for iron
bromide (as well as iodide), to serious convergence problems.
The source of these problems is most likely in the use of
the numeric quadratures inappropriate for relativistic calcula-
tions with tight functions. In the nonrelativistic calculations
with eqs 3-5, no convergence problems were observed with
the use of the very tight functions in the basis sets.
The results reported in Tables 1 and 2 suggest that the
converged theoretical results can be obtained with the use
of the (21s15p9d3f) iron basis set which is augmented with
only one tight primitive function. This basis set (denoted
further on as basis set A) will be used in further study of
the accuracy of different density functional methods. This
basis set is however too big to be used in practical
calculations on large molecular systems. The use of standard
basis sets, such as the (14s11p6d3f)/[8s7p4d1f] basis set of
Table 1. HF Calculations of Mossbauer Isomer Shifts for Different Iron Containing Clusters by Using Relativistic and
Nonrelativistic Methodsc
exptl refa 24s15p9d3f 23s15p9d3f 22s15p9d3f 21s15p9d3f 20s15p9d3f
1 [Fe(H2O)6]2+ 1.41 12 0.89(0.63)b 0.81(0.63) 0.83 (0.63) 0.81(0.63) 0.79(0.63)
2 [FeCl4]2- 0.92 12 0.65(0.35) 0.65(0.35) 0.67(0.37) 0.66(0.37) 0.65(0.37)
3 [Fe(H2O)6]3+ 0.52 12 0.22(0.16) 0.22(0.16) 0.22(0.16) 0.22(0.16) 0.21(0.15)
4 [FeF6]3- 0.50 12 0.26(0.19) 0.26(0.19) 0.26 (0.19) 0.26(0.19) 0.24 (0.19)
6 [FeBr4]1- 0.29 42 0.10(-0.03) 0.08(-0.03) 0.08 (-0.03) 0.04(-0.03) -0.02(-0.03)
7 [FeCl4]1- 0.22 42 -0.02(-0.02) -0.02(-0.02) -0.02(-0.02) -0.02(-0.02) -0.02(-0.02)
8 [Fe(CN)6]3- -0.11 12 -0.20(-0.17) -0.21(-0.17) -0.22(-0.17) -0.20(-0.10) -0.22(-0.17)
9 [Fe(CO)5] -0.12 33 -0.09(-0.07) -0.09(-0.07) -0.09(-0.07) -0.09(-0.07) -0.10(-0.07)
10 [Fe(CO)4]2- -0.12 33 0.07(0.06) 0.05(0.06) 0.05(0.06) 0.03(0.04) 0.03(0.04)
12 [FeO4]2- -0.67 43 -0.99 (-0.77) -0.99(-0.77) -0.99(-0.77) -0.99(-0.77) -0.97 (-0.77)
a Sources of experimental values. b In parentheses, the results of nonrelativistic calculations. c All shifts are given with respect to [Fe(CN)6]4-
(ä ) -0.02). See refs 12, 14, and 20.
Table 2. DFT Calculations (PBE) of Mossbauer Isomer Shifts for Different Iron Containing Clusters by Using Relativistic
and Nonrelativistic Methodsb
exptl 24s15p9d3f 23s15p9d3f 22s15p9d3f 21s15p9d3f 20s15p9d3f
1 [Fe(H2O)6]2+ 1.41 0.70(0.54)a 0.70(0.54) 0.58(0.54) 0.69(0.54) 0.67(0.54)
2 [FeCl4]2- 0.92 0.37(0.29) 0.37(0.29) 0.38(0.30) 0.38(0.30) 0.38(0.30)
3 [Fe(H2O)6]3+ 0.52 0.34 (0.27) 0.34 (0.27) 0.34(0.27) 0.34(0.27) 0.33 (0.27)
4 [FeF6]3- 0.50 0.34(0.26) 0.34(0.26) 0.33 (0.22) 0.32(0.26) 0.33(0.26)
6 [FeBr4]1- 0.29 n.a.(0.20) n.a.(0.20) n.a.(0.20) n.a.(0.20) 0.14(0.20)
7 [FeCl4]1- 0.22 0.21(0.17) 0.19(0.17) 0.21(0.17) 0.20(0.17) 0.20(0.17)
8 [Fe(CN)6]3- -0.11 -0.06(-0.05) -0.06(-0.05) -0.04(-0.04) 0.01(-0.05) -0.06(-0.05)
9 [Fe(CO)5] -0.12 -0.02(-0.03) -0.02(-0.03) -0.02(-0.03) -0.02(-0.03) -0.02(-0.02)
10 [Fe(CO)4]2- -0.12 0.07(0.06) 0.07(0.06) 0.07(0.06) 0.06(0.05) 0.06(0.06)
12 [FeO4]2- -0.67 -0.40(-0.31) -0.41(-0.31) -0.40(-0.31) -0.41(-0.31) -0.39(-0.31)
a In parentheses, the results of nonrelativistic calculations. b All shifts are given with respect to [Fe(CN)6]4-.
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Wachters38 (Fe) and the 6-31+G* Pople’s basis set39 on
nonmetal atoms, is a common practice in the calculations
on large metal complexes.13 This basis set is denoted further
on as basis set B. In the current work we employed the DZVP
basis set40 on iodine.
Table 3 reports the results of MIS calculations carried out
at the Hartree-Fock, MP2, and DFT (PBE) levels of theory
with the use of the basis set B. These results are compared
with the results of the calculations carried out with the use
of the large A+ basis set. The results obtained with the
density functional method are surprisingly stable with respect
to the replacement of the large uncontracted basis set A+
with a standard contracted basis B. The greatest difference
(ca. 20%) is for the iron tetroxide cluster which may require
an extended basis set for the correct description of the ligand
back-donation effects. Note however that the effect of
relativity is less visible with the use of a small basis set B.
This is understandable, because this basis set does not contain
tight basis functions needed to describe the relativistic
contraction of the electron density.
The HF results in Table 3 are even less sensitive than DFT
to the replacement of the uncontracted basis set with the
standard contracted basis set. However, the MP2 results show
much greater sensitivity to the basis set truncation. The
greatest discrepancy is observed for the iron tetroxide cluster
(entry 12), which indicates that the proper description of its
electronic structure cannot be achieved with the use of the
small basis set at the MP2 level.
To summarize this subsection, the calculations of MIS
carried out with the use of different basis sets suggest that
reasonable results can be obtained at the Hartree-Fock or
at the density functional levels of theory with the use of
standard contracted basis sets. However, the use of small
basis sets in connection with the MP2 method leads to a
considerable deterioration of the results for certain com-
pounds. This suggests that extended basis sets, such as the
basis sets A or A+, need to be used in connection with MP2.
B. Isomer Shift Variation with Different Theoretical
Levels. The results reported in Table 3 show that the
inclusion of electron correlation via density functionals has
a noticeable effect on the calculated MIS. In almost all cases,
there is an improvement in the calculated isomer shifts as
compared to the HF values. Noticeable improvement is
obtained for iron halides, cyanides, and oxide clusters. The
magnitude of the improvement is comparable with the
improvement brought about by MP2 for the large basis set
A. For the standard contracted basis set B, the PBE results
are noticeably better than the MP2 results with one exception
of the Fe(II) aqua complex.
In this subsection, we undertake a study of the dependence
of the calculated MIS on the choice of the density functional
employed. For this study, we select several popular density
functionals: PBE, BPW91, BLYP, B3LYP, and BH&HLYP.
In this selection of functionals, there are two series which
characterize i) the dependence of the results on specific
parametrization of a pure exchange-correlation density
functional (series PBE, BPW91, BLYP) and ii) the depen-
dence of the results on the use of varying fraction of the HF
exchange in a hybrid HF/DFT functional (series BLYP,
B3LYP, BH&HLYP). In our opinion, this selection of
functionals enables one to make a reasonable judgment on
the performance of different types of density functionals.
The criteria employed to judge the performance of density
functionals in the MIS calculations with eqs 3-5 are as
follows: a) The mean absolute error which is a characteristic
commonly employed to judge the overall performance of
computational schemes. b) The slope and the intercept of a
least-squares linear fit of the experimental vs calculated
isomer shifts, eq 6.
The latter two parameters characterize the correlation of the
calculated MIS with the experimental values (slope of the
linear fit, R) and the systematic error in the calculated MIS
(the intercept of the linear fit, â).
The results of the density functional and HF calculations
are summarized in Tables 4 (basis set A) and 5 (basis set
B). Notably the choice of the parametrization of a pure
density functional has a negligible effect on the calculated
MIS regardless of whether a large (A) or a small (B) basis
set is employed. The mean absolute error and the parameters
of the linear fit remain nearly the same for different pure
density functionals. This observation suggests that it is
sufficient to study the effect of hybridization with varying
Table 3. Comparison of DFT, HF, and MP2 Results for Basis Sets A+ and Be
Aa Bb
exptl PBE HF MP2 PBE HF MP2
1 [Fe(H2O)6]2+ 1.41 0.70 0.89 0.96 0.62 0.72 0.82
2 [FeCl4]2- 0.92 0.38 0.66 0.56 0.35 0.36 0.49
3 [Fe(H2O)6]3+ 0.52 0.34 0.22 0.37 0.32 0.21 0.32
4 [FeF6]3- 0.50 0.34 0.26 0.41 0.31 0.25 0.35
5 [FeI4]1- 0.31c n.a. 0.04 0.30 0.48 0.02 0.19
6 [FeBr4]1- 0.29 n.a. 0.10 0.32 0.21 0.00 0.19
7 [FeCl4]1- 0.22 0.21 -0.02 0.18 0.20 0.002 0.17
8 [Fe(CN)6]3- -0.11 -0.06 -0.20 0.05 -0.05 -0.18 0.04
9 [Fe(CO)5] -0.12 -0.02 -0.09 0.00 -0.02 -0.07 0.02
10 [Fe(CO)4]2- -0.12 0.06 0.03 0.05 0.07 0.01 -0.26
11 [Fe(CN)5NO]2- -0.12d n.a. -0.23 -0.17 n.a. -0.16 0.02
12 [FeO4]2- -0.67 -0.40 -0.99 -0.31 -0.32 -0.82 0.04
a By using basis set A+. b By using basis set B. c Reference 42. d Reference 5. e See text for details of basis sets.
äexp ) R.äcalc + â (6)
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fraction of the HF exchange in one series of hybrid density
functionals only.
Inclusion of the Hartee-Fock exchange in hybrid func-
tionals leads to a certain increase in the systematic error as
given by the intercept of the linear fit for both basis sets, A
and B. At the same time, mixing in more HF exchange leads
to an improved correlation of the calculated values with the
experiment. The slope of the linear fit increases steadily as
the fraction of the HF exchange increases. This effect is
observed for both basis sets; however, the bigger basis set
A provides better overall correlation with the experimental
results. The hybrid functional BH&HLYP gives reasonable
correlation with experiment and less systematic error com-
pared to HF, for both basis sets A and B.
The improvement brought about by the inclusion of HF
exchange in hybrid functionals warrants some discussion.
In our opinion, the most plausible explanation for the inferior
performance of pure density functionals is the incorrect
behavior of the potential generated by such a functional near
the nucleus. It is known that the gradient corrected func-
tionals yield the Kohn-Sham potential which is divergent
at the nuclear position.41 Therefore, mixing in the HF
exchange (the HF potential remains finite at the nucleus)
cures partially this deficiency of pure density functionals and
leads to improved results for the properties which critically
depend on the electron distribution in the vicinity of the
nucleus.
With the use of both basis sets, A and B, the difference
between relativistic and nonrelativistic results is clearly
visible. From all the parameters employed for the data
analysis, it is evident that the inclusion of relativity leads to
improved results as compared to the experiment. The
difference between relativistic and nonrelativistic results is
more pronounced for the large basis set A than for the small
basis set B. This is understandable, because the basis set B
was optimized and contracted in the nonrelativistic HF
calculations and does not possess sufficient flexibility to
accommodate changes in the electron distribution due to the
inclusion of relativity. This underlines the necessity to
develop compact basis sets adapted for the relativistic
Table 4. Calculation of Mossbauer Isomer Shifts (mm/s) for Different Iron Containing Clusters by Using Basis Set Ad
exptl PBE BPW91 BLYP B3LYP BH&HLYP HF
1 [Fe(H2O)6]2+ 1.41 0.69(0.54)a 0.69(0.54) 0.67(0.52) 0.71(0.56) 0.77(0.60) 0.81(0.63)
2 [FeCl4]2- 0.92 0.38(0.30) 0.38(0.30) 0.37(0.29) 0.39(0.31) 0.43(0.34) 0.66(0.37)
3 [Fe(H2O)6]3+ 0.52 0.34(0.27) 0.32(0.26) 0.32(0.25) 0.28(0.22) 0.24(0.18) 0.22(0.16)
4 [FeF6]3- 0.50 0.32(0.26) 0.32(0.26) 0.32(0.25) 0.30(0.23) 0.28(0.21) 0.26(0.19)
5 [FeI4]1- 0.31 n.a. n.a. n.a. n.a. n.a. 0.09(0.07)
6 [FeBr4]1- 0.29 n.a. n.a. n.a. n.a n.a. 0.04(-0.03)
7 [FeCl4]1- 0.22 0.20(0.17) 0.20(0.34) 0.39(0.33) 0.32(0.29) 0.24(0.23) -0.02(-0.02)
8 [Fe(CN)6]3- -0.11 0.01(-0.05) -0.06(-0.05) 0.02(-0.05) 0.00(-0.06) -0.04(-0.02) -0.20(-0.10)
9 [Fe(CO)5] -0.12 -0.02(-0.03) -0.02(-0.03) -0.03(-0.03) -0.04(-0.03) -0.05(-0.04) -0.09(-0.07)
10 [Fe(CO)4]2- -0.12 0.06(0.05) 0.06(0.05) 0.06(0.05) 0.05(0.04) 0.01(0.02) 0.03(0.04)
11 [Fe(CN)5NO]2- -0.12 n.a.b n.a. n.a. -0.20(-0.16) -0.28(-0.22) -0.19(-0.10)
12 [FeO4]2- -0.67 -0.41(-0.31) -0.41(-0.32) -0.41(-0.32) -0.51(-0.40) -0.63(-0.49) -0.99(-0.77)
MAEc 0.26(0.30) 0.25(0.31) 0.28(0.31) 0.24(0.28) 0.21(0.26) 0.23(0.26)
slope 0.48(0.38) 0.49(0.38) 0.46(0.37) 0.53(0.43) 0.61(0.47) 0.78(0.56)
intercept 0.04(0.02) 0.03(0.04) 0.06(0.04) 0.00(0.00) -0.05(-0.03) -0.14(-0.11)
R In parentheses, the results of nonrelativistic calculations. b The results are not available due to poor SCF convergence in the broken-
symmetry spin unrestricted method. c Mean absolute error of the method. d See text for details of basis set. All shifts are given with respect to
[Fe(CN)6]4-.
Table 5. Calculation of Mossbauer Isomer Shifts (mm/s) for Different Iron Containing Clusters by Using Basis Set Bd
exptl PBE BPW91 BLYP B3LYP BH&HLYP HF
1 [Fe(H2O)6]2+ 1.41 0.62(0.53)a 0.62(0.57) 0.60(0.55) 0.61(0.55) 0.65(0.59) 0.72(0.65)
2 [FeCl4]2- 0.92 0.35(0.29) 0.35(0.32) 0.34(0.31) 0.33(0.30) 0.34(0.32) 0.36(0.30)
3 [Fe(H2O)6]3+ 0.52 0.32(0.26) 0.31(0.28) 0.30(0.28) 0.24(0.21) 0.23(0.17) 0.21(0.17)
4 [FeF6]3- 0.50 0.31(0.25) 0.31(0.28) 0.30(0.28) 0.26(0.22) 0.23(0.19) 0.25(0.20)
5 [FeI4]1- 0.31 0.48(0.47) 0.48(0.47) 0.47(0.48) 0.16(0.16) 0.11(0.10) 0.02(0.05)
6 [FeBr4]1- 0.29 0.21(0.19) 0.23(0.23) 0.22(0.21) 0.15(0.14) 0.07(0.07) 0.00(0.00)
7 [FeCl4]1- 0.22 0.20(0.16) 0.20(0.18) 0.19(0.18) 0.13(0.11) 0.06(0.05) 0.00(-0.01)
8 [Fe(CN)6]3- -0.11 -0.05(-0.08) -0.05(-0.05) -0.05(-0.05) -0.09(-0.09) -0.13(-0.13) -0.18(-0.18)
9 [Fe(CO)5] -0.12 -0.02(-0.05) -0.02(-0.02) -0.02(-0.02) -0.05(-0.05) -0.07(-0.07) -0.07(-0.06)
10 [Fe(CO)4]2- -0.12 0.07(0.06) 0.07(0.06) 0.07(0.06) 0.03(0.02) -0.01(-0.01) 0.01(0.01)
11 [Fe(CN)5NO]2- -0.12 n.a.b n.a. n.a. -0.16(-0.10) -0.10(-0.10) -0.16(-0.15)
12 [FeO4]2- -0.67 -0.32(-0.34) -0.32(-0.31) -0.33(-0.31) -0.44(-0.42) -0.55(-0.52) -0.82(-0.77)
MAEc 0.25(0.27) 0.25(0.26) 0.25(0.27) 0.24(0.25) 0.23(0.25) 0.25(0.26)
slope 0.43(0.39) 0.43(0.40) 0.42(0.39) 0.47(0.43) 0.52(0.48) 0.63(0.57)
intercept 0.07(0.05) 0.07(0.05) 0.07(0.07) -0.02(-0.02) -0.06(-0.07) -0.13(-0.13)
a In parentheses, the results of nonrelativistic calculations. b See footnote c to Table 4. c Mean absolute error of the method. d See text for
details of basis set. All shifts are given with respect to [Fe(CN)6]4-.
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calculations. Nevertheless, the overall agreement with the
experiment is acceptable for both hybrid functionals, B3LYP
and BH&HLYP. Although the HF method provides the best
correlation with the experimental results (slope of 0.78 and
0.63 with the basis sets A and B, respectively), the systematic
error increases in the HF calculations as compared to pure
or hybrid density functionals. In the overall assessment, the
use of hybrid density functionals with an increased fraction
of the HF exchange, such as the BH&HLYP functional, can
be recommended for the calculation of MIS in iron com-
plexes.
The computational procedure employed in the present
work employs the proportionality constant a in eq 5 which
was obtained from the experimentally measured parameters
of nuclear transitions in 57Fe. Therefore, its comparison with
the results of the standard calculations of the MIS, where
this constant is treated as an empirical parameter and is fitted
against the experimental data, may be not straightforward.
However, with the use of the contact densities published in
ref 13, it is possible to calculate the MISs with the use of eq
5 and the nonempirical constant a. The so-obtained isomer
shifts are compared in Table 6 with the shifts calculated with
the use of eqs 3-5 in the present work. From this
comparison, it is obvious that the standard approach does
not have any numerical advantage before the method used
in the present article, if the fitting procedure is excluded. In
this sense, the method employed in this paper helps to make
an unbiased judgment on the performance of the computa-
tional schemes used to calculate the MIS. Because it was
not the purpose of the present work to obtain an empirically
adjusted proportionality constant in eq 5, the use of a set of
12 molecules seems to be acceptable for making a reasonable
judgment on the performance of different computational
schemes. The use of the fitting procedure within the standard
approach to MIS, although it leads to improved numerical
results, does not allow for seeing the true accuracy of a
selected quantum chemical method and may result in an
unrealistic parameter of nuclear ç-transitions as obtained
from the fitted proportionality constant a in eq 5. It is our
goal to avoid the empirical fitting and to find out compu-
tational schemes capable of yielding accurate results from
first principles.
IV. Conclusion
In the present work, a recently developed approach to the
theoretical calculation of Mo¨ssbauer isomer shift20 is applied
within the context of density functional theory. Within the
new approach, the MIS is calculated as a derivative of the
electronic energy with respect to the radius of the finite
nucleus.20 Note that no empirical parameters are employed
in the new approach, and the calibration of the parameters
which connect the theoretical electron density at the nucleus
with the experimental values of MIS is thus avoided.
Therefore, the new approach offers a possibility to carry out
an unbiased comparison of different computational methods
applied to the MIS calculation. Furthermore, the present
method has the advantage that it can be used with any
quantum chemical computational scheme regardless of the
availability of the relaxed density matrix within this scheme.
In the present work, we carried out calculations of MIS
for a series of iron complexes. The computational schemes
employed include both hybrid and pure density functionals
as well as the HF method. Before the performance of density
functional methods was addressed, the dependence of the
quality of the calculated MIS on the size of the basis set
was studied.
The investigation of the effect of the basis set truncation
within the context of the new approach reveals that the MISs
are not very sensitive to the removal/addition of the tightest
primitive functions from/to a large uncontracted basis set.
Therefore, for obtaining converged theoretical values, it is
sufficient to employ only one tight s-type primitive function
added to the standard uncontracted basis set (see the basis
set A). With the use of the small contracted basis set (see
the basis set B), an acceptable accuracy in the calculated
MIS is obtained for the HF and density functional methods.
The use of the small basis set, such as the basis set B, is
therefore a reasonable compromise between accuracy and
complexity of the calculation.
The investigation of the performance of different density
functionals reveals that the pure density functional methods
Table 6. Comparison of Mossbauer Isomer Shifts (mm/s) from This Work (Using Basis Set B) with That of Ref 13,
Recalculated According to the Current Method
exptl HFa BH&HLYPa B3LYPa B3LYPb BPW91a BPW91b
1 [Fe(H2O)6]2+ 1.41 0.72 0.65 0.61 0.55 0.62 0.53
2 [FeCl4]2- 0.92 0.36 0.34 0.33 0.39 0.35 0.38
3 [Fe(H2O)6]3+ 0.52 0.21 0.23 0.24 0.18 0.31 0.21
4 [FeF6]3- 0.50 0.25 0.23 0.26 0.24 0.31 0.27
6 [FeBr4]1- 0.29 0.00 0.07 0.15 0.16 0.23 0.20
7 [FeCl4]1- 0.22 0.02 0.06 0.13 0.15 0.24 0.19
8 [Fe(CN)6] 3- -0.11 -0.18 -0.13 -0.09 -0.07 -0.05 -0.05
9 [Fe(CO)5] -0.12 -0.07 -0.07 -0.05 -0.05 -0.02 -0.05
10 [Fe(CO)4]2- -0.12 0.01 -0.01 0.03 -0.08 0.07 -0.06
11 [Fe(CN)5NO]2- -0.12 -0.16 -0.10 -0.16 -0.09 n.a. -0.06
12 [FeO4]2- -0.67 -0.82 -0.55 -0.44 -0.40 -0.32 -0.31
MAEc 0.25 0.23 0.24 0.24 0.25 0.24
slope 0.63 0.52 0.47 0.45 0.43 0.41
intercept -0.13 -0.06 -0.02 -0.02 0.07 0.01
R This work. b Reference 13. c Mean absolute error of the method.
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provide poorer correlation of the calculated MIS with the
experimental values. Irrespective of the size of the basis set
employed, the hybrid functionals provide a consistently better
description of the MIS. Correlation of the calculated MIS
with the experimental values improves with the increasing
fraction of the HF exchange, however at a price of somewhat
greater systematic error. In the overall assessment, the hybrid
functionals with a greater fraction of the HF exchange such
as the BH&HLYP functional produce a better description
of the MIS in iron complexes.
Generally, the density functional methods demonstrate
somewhat inferior numeric accuracy as compared to the ab
initio wave function methods. A tenable explanation for this
is in the incorrect behavior of modern approximate density
functionals (and respective potentials) near the nucleus.41
Mixing in the HF exchange energy partially corrects this
deficiency. However, quite a substantial fraction of the HF
exchange is needed to achieve a noticeable improvement. It
appears that a more universal solution would be to switch
to the orbital dependent density functionals which are capable
of the exact treatment of a substantial portion of the
exchange-correlation energy.
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